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1 Introduction 

The LHC will soon probe the mechanism that breaks 
electroweak symmetry and gives masses to the stan- 
dard model particles. Within the standard model, the 
electroweak breaking sector consists of one scalar mul- 
tiplet with a potential that induces its vacuum expec- 
tation value (vev) . Although this simple picture is con- 
sistent with all experimental data so far, our theoreti- 
cal prejudice prompts studies of more elaborate mech- 
anisms. The reason is that, in the standard model, no 
symmetry forbids the higgs mass parameter so that it 
receives UV sensitive quantum corrections. Once the 
standard model is embedded in some more fundamen- 
tal theory, it is difficult to understand how the elec- 
troweak scale could be separated from the scale of new 
physics without much fine-tuning. This suggests that 
new physics should become manifest close to the TeV 
scale. Moreover, we expect that the new physics in- 
cludes a symmetry protecting the higgs potential and 
that the electroweak breaking scale is calculable in 
terms of microscopic parameters defining the funda- 
mental theory. This kind of reasoning sets the main 
line of attack in physics beyond the standard model. 

One interesting possibility is that higgs is a pseudo- 
goldstone boson. In such a scenario the higgs poten- 
tial is protected by an approximate shift symmetry 
that arises after spontaneous breaking of a global sym- 
metry. The pseudo-goldstone mechanism has been al- 
ready seen at work in high energy physics; it protects 
the masses of pions in QCD. 

In the pseudo-goldstone scenario, much of the low- 
energy features is fixed by the pattern of the global 
symmetry and its spontaneous breaking. However, sev- 
eral important issues, for example the scale of the 
global symmetry breaking, depends on the dynamics. 
While it is possible that this dynamics is weakly cou- 
pled and governed by another higgs sector, the more 
likely option is that it is strongly coupled (as in QCD). 

Some insight into strong dynamics can be gained 
by studying 5D theories in a warped background that 
are conjectured to be dual to strongly coupled theories 



[T] . More precisely, a 4D pseudo-goldstone higgs can be 
realized in five dimensions as the so-called gauge-higgs 
unification scenario 2J. In 5D, the role of the higgs is 
played by the fifth component of a gauge field and the 
shift symmetry protecting the higgs potential origi- 
nates from 5D gauge symmetry. The gauge symmetry, 
backed by 5D locality, is powerful enough to make the 
higgs potential fully calculable; divergent corrections 
cancel out to all orders it perturbation theory [3]. In 
consequence, the electroweak breaking scale can be un- 
ambiguously calculated in terms of the parameters of 
the 5D lagrangian. One can also address further qual- 
itative issues, such as corrections to the electroweak 
precision observables [HIS] or WW scattering ampli- 
tude in the resonance region [B]. Research along these 
line led to pinpointing classes of models that pass all 
experimental tests [7l|8] , and the fine-tuning needed to 
achieve it can be quantified. 

It should be stressed that all computations are per- 
formed on the 5D side, using the usual rules of (higher- 
dimensional) perturbation theory. In fact, gauge-higgs 
unification on its own is often viewed as a legitimate 
framework for physics beyond the standard model, in- 
dependently of the holographic interpretation. Never- 
theless, the 4D picture provides more insight and a sim- 
ple interpretation of the results obtained in 5D. 

Below I concentrate on radiative generation of the 
higgs potential in gauge-higgs unification. I review the 
methods that make it possible to study this issue for a 
completely arbitrary warp factor. In fact, working with 
a general background is a simplification rather than a 
complication; in a specific background such as AdS one 
may easily drown in the sea of Bessel functions. This 
presentation is based on the results obtained in Refs. 

2 Methods 

Consider a 5D gauge theory propagating in a warped 
background with the line element given by 

ds2 ^ a'^(y)dxf,dx'' - dy^. (1) 
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The fifth dimension is an interval, X5 £ [0, L]. We refer 
to y = 0{L) as the UV(IR) brane. The function a{y) is 
called the warp factor. We fix a(0) = 1. For a{y) = 1 
we recover 5D flat space, while a{y) = e"*"'^ corre- 
sponds to a slice of AdSs . In the following discussion 
i keep the warp factor arbitrary. 

The bulk contains gauge fields Am ^ AljT°'. The 
5D gauge symmetry is broken to a subgroup by im- 
posing Dirichlet boundary conditions: AJ^(O) — and 
A^^{L) — for some of the generators (while the re- 
maining ones obey Neumann boundary conditions). 
Now, for a gauge field with Dirichlet boundary con- 
ditions on both branes, the fifth component contains a 
physical mode that is massless at tree level. This is our 
gauge-higgs field. We assume that it acquires a vev: 

{A,)^T^-^p^^v (2) 

where we singled out one generator T" along which 
the vev resides. The normalization factors are chosen 
such that oscillations around the vev, v ^ v + h{x), 
correspond to a canonically normalized scalar in the 
4D effective theory. This field plays the role of the 
higgs boson. 

Next, we consider a 5D fermion multiplet ^ charged 
under the gauge group. The quadratic action in the 
warped background reads 

S^ = j d^x J dy |m3i^7'^a^!f ^ a'^¥{j'^Dy - Af)if } 

where Dy — dy - ig5{A'^)t'^ and dy — dy + 2a' /a. We 
expand the fermion in the basis of Kaluza-Klein (KK) 
mass eigenstates: 

^R{x,y) = fR.n{^^y)^R,nix) (4) 

The profiles satisfy the equations of motion: 

(^-Ds+Al'j fL,n{^,y) = TOn(w)a"Vj?..n(w,y) (5) 

that depend on the gauge-higgs vev. Furthermore, the 
profiles satisfy the boundary conditions that define 
the particular model. The KK expansion allows us to 
rewrite the 5D quadratic action as a 4D action that is 
diagonal in the KK basis: 

^5 = J d''xW„{x)[ij^d^,-m„iv)]^„ix). (6) 

The masses of the fermionic modes depend on the 
gauge-higgs vev. This implies that, at the quantum 
level, the higgs will acquire a non-trivial potential. 
The potential is calculated from the usual Coleman- 
Weinberg formula: 



where the summation goes over all fermionic eigen- 
states in the theory. The 5D origin of this formula is 
manifest in the presence of the infinite KK tower. Re- 
markably enough, one can rewrite Eq|7]to a form where 
the KK summation is absent and where it resembles a 
4D Coleman- Weinberg potential: 

= X dpp3log(p[_p2]), (8) 

where the spectral function p[s) is any analytic func- 
tion whose simple zeros on the positive real axis en- 
code the spectrum in the presence of the gauge-higgs 
vev: p[m1^{v)] = 0. A tower of KK particles in 5D is a 
holographic manifestation of a composite structure in 
4D. 

In order to find the spectral function we need to 
solve the equations of motion with appropriate bound- 
ary conditions. To this end, we first introduce the aux- 
iliary (hatted) profiles by 

fLAi,y) ^ a-\y)e^'yn{y)fLAy) 

fnAv, y) = a-^y)e-^'y[2iy)fRAy) (9) 

The Wilson-line matrix is defined as 

f2(2/) =e*^=r<^=> (10) 

and its role is to rotate away the higgs vev from the 
equations of motion. The hatted profiles satisfy sim- 
pler equations 

dyfR.n = fnn{i)a-^e^'^yfL.n 
-dyh.n = mn{i)a-^e-^''yfR,n (11) 

that do not depend on v other than through the mass 
eigenvalues. From the above follow the second order 
differential equations: 

[ae~^^''ydy{ae^^^'ydy) + m^] /i,„ = 
[ae^^^'ydyiae-^^'^ydy) + m^] /fl,„ = (12) 

with m — mn{v) We denote two independent solu- 
tions of the first equation as CM{y) and S'j\/(y) (con- 
sequently, the second is solved by C-m and S-m)- We 
pick up these solutions such that they satisfy Cm(0) = 
1, ^^.^(O) = 0, Sm{0) = 0, S[j{0) = m. The nota- 
tion is to stress the similarity to the familiar sines 
and cosines (to which these functions reduce for a 
fiat warp factor and M = 0). The warped generaliza- 
tion of sin' = cos is S'j^^y) = ma~^ {y)e~'^^'y C -M{y) ■, 
C'^iy) = -ma-^{y)e-'^^^y S-M{y)- The generaliza- 
tion of sin^ +008^ = 1 is the Wronskian SM{y)S-M{y) + 
CM{y)C-M{y) — 1- At small masses we can approxi- 
mate Cm = 1 - 0(m2), Sm = m a-\y')e-^^y' . 

With this formalism at hand, the simple algorithm 
for computing spectral functions follows. 1) Write down 
the auxiliary profiles: f[ = u^jCm — oigSM, fn. = 
a{jS-M + a^gC^M, where the constant a's depend on 
the UV boundary conditions defined for a given flavour 
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'pf . 2) Find the profiles f{v,y) from Eq. [9l 3) Write 
down IR boundary conditions and solve for a's. In the 
5D models the solution exists for a discrete set of m„ . 
The equation that sets the quantization condition can 
be employed as the spectral function. 



3 Applications: S0(5) 

We apply the general methods outlined in the pre- 
vious section in the context of electroweak breaking 
driven by quarks with quantum numbers of the stan- 
dard model top quark. The gauge group is chosen 
to be 5*0(5) X U{l)x as it is the simplest possibil- 
ity that incorporates the electroweak group, the cor- 
rect Weinberg angle and the custodial symmetry. The 
last is indispensable in 5D warped models in order to 
keep the Peskin-Takeuchi T parameter under control. 
SO{b) has 10 generators: form the SU{2)l sub- 
group (identified with the standard model SU{2)), 
form the SU (2)/j subgroup (identified with the custo- 
dial symmetry) and the remaining four generators Tq 
belong to the 50(5)/5'0(4) coset. The gauge symme- 
try on the UV brane is reduced down to SU{2)l x 
U{1)y, the hypercharge being a combination of 
and U{l)x- On the IR brane, the symmetry is re- 
duced down to 50(4) = SU{2)l x SU{2)r. The four 
generators from the 50(5)/50(4) coset have Dirichlet 
boundary conditions on both branes, so that the fifth 
components of the corresponding gauge fields host the 
higgs doublet. The vev is chosen along the TjA gener- 
ator. The electroweak breaking scale is u = /sin(u//) 

where = 2/f/|/Q sets the global symmetry 
breaking scale. 

I will investigate the one-loop induced higgs po- 
tential in the models with the top quark embedded in 
the spinorial 4 representation of 50(5) [7j- 4 is the 
smallest 50(5) representation and the spectral func- 
tions end up being less complicated than in models 
based on other 50(5) representations. Although mod- 
els based on the spinorial representation cannot be 
made fully realistic because of excessive contributions 
to the Zbb vertex [8|, they are most suitable for an 
illustrating purpose. Spectral functions in the models 
with top quarks embedded in the fundamental 50(5) 
representation are discussed in Ref. [lOj . 



3.1 Minimal model 

Consider a 5D fermion field Q with a bulk mass Mg, 
transforming in the spinorial 4 representation of SO (5). 
The two SM top quark chiralities are embedded as 

Q = {q, cf ) = (t, b, t', b-) (13) 

The boundary conditions for the top quark fieldfl are 

tfl(O) =ti(0) = tR{L)^tl{L) = Q. (14) 

^ In the following discussion I ignore the bottom quarks 
whatsoever. In the model as it stands the bottom quarks 
must be either very heavy or degenerate in mass with the 
top quarks. Intuitively, once the bottom sector is properly 



In this simple set-up the we can readily display all step 
leading to the spectral function. We first write down 
the auxiliary profiles that satisfy the UV boundary 
conditions: 



at.nS^Aiiy) (15) 



Jl' 



-at-=,nSM{y) fn.n^ oLt-=jiC-M{y) (16) 

To derive the full profiles f{v,y) we use Eq. [9] with 
the Wilson-line matrix for the spinorial representation 
given by: 



cos(w/2/) sin({}/2/) 
sin({)/2/) cos{v/2f) 



(17) 



The IR boundary conditions imply: 



at,„cos(«/2/)5_M(i) +sin(f}/2/)atc,„0_A/(i) = 
-at,nSm{v/2f)CM{L) + coaiv/2f)at^^nSMiL) - 

(18) 

The determinant of this equation is the quantization 
condition. We write the spectral function as 



p(m^) = 1 



sin^(€/2/) 



Saiq{L)S-Mq{L) 



(19) 



As discussed in !W , this spectral function can be well 
approximated by 



where y^ 



2 f2 



Vtf 



Ml^ sinh-'(p/MKK) 



s\xi\v/2f) (20) 



plays the 



role of the top Yukawa coupling and A/kk = -fz 

Jo 

sets the resonance scale. It follows that, at small mo- 
menta, pi—p^) ~ 1 + y^f^ sin^({;/2/)/p^, which is ap- 
propriate for a 4D top quark with the mass mt — 
yt f sm{v /2f). The effect of the resonance tower is to 
exponentially suppress the higgs dependence of spec- 
tral function for Euclidean momenta larger than Mkk- 
This implies that the coupling of the top quark to the 
higgs becomes very soft at high energies, which cuts 
off divergent corrections of the higgs potential. From 
the holographic point of view, the softness can be ex- 
plained as a consequence of a composite structure of 
the higgs. 

Investigation of the higgs potential with this spec- 
tral function reveals a minimum at sin^(u/2/) = 1. 
This result can be simply understood. The higgs po- 
tential is dominated by the light top quark contribu- 
tion whose quadratic divergence is cut off at the res- 
onance scale, which leads to V{v) ^ — TOj (■D)M|-^. 
Energetically the most favourable is to make the top 
quark as heavy as possible, which is achieved when 
sin^(u/2/) is maximized. Thus the minimal model has 
too simple a structure to generate a realistic higgs po- 
tential 



realized (see Ref. [7]), we do not expect large contributions 
to the higgs potential because of the small bottom quark 
coupling to the higgs 



Alternatives 
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3.2 Shadow multiplet 

The problem with the higgs potential of the mini- 
mal set-up can be solved by introducing the so-called 
shadow multiplet, that is another another 5D quark in 
a spinorial representation 

S = {q, r) = b, b-) (21) 

with different boundary conditions in IR 

ifl(0) = ?i(0) = =t^(L) = 0. (22) 

At zero gauge-higgs vev the shadow multiplet does no 
yield any light modes below the resonance scale (hence 
the name "shadow", as opposed to "light"). However, 
a massless modes appears for sin^(u/2/) = 1 as can 
be read off from the spectral function: 

p{m') = {S Mc, (L) S^McAL)- sin' ii/2f)) 

{Sms{L)S-Ms{L) - cos2({;/2/)) (23) 

In this setup a correct electroweak breaking vacuum 
can be engineered. As before, the light multiplet tries 
to maximize sin^(u/2/). On the other hand, the shadow 
multiplet prefers to maximize cos^('D/2/). Thus, the 
light and shadow compete and an equilibrium may be 
obtained for intermediate values of v/ f. The existence 
and location of the intermediate minimum depends on 
the bulk masses of the two multiplets (which deter- 
mine the Yukawa couplings of the light top quarks to 
the higgs). For Mq — Ms the minimum falls in the 
middle, for sin^(w/2/) = 1/2. This is no good, as it 
corresponds to maximal electroweak breaking, v — f, 
in which case the model is effectively higgsless (a light 
scalar field does exist but it does not unitarize WW 
scattering) with all the usual problems. However, with 
a certain degree of fine-tuning of the bulk masses one 
can obtain a minimum at v/ f <C 1, as favoured by 
electroweak precision tests. For example, a separation 
between v and / is achieved for ~ 1 and '~ 3/4. 
To get v/f ^ 0.2, the bulk masses have to be fine- 
tuned at the 10% level. 



3.3 Mass mixing 

There is a simple way to complicate the previous model. 
The symmetries of the light-shadow set-up permit the 
mass terms on the IR brane, 

C = -6{L)Ma\L){tLM) ■ {Ir, Ir) 

-5{L)M,a\L)(:fj, -bR) ■ (il,6i) -f h.c, (24) 

that mix the two multiplets. One reason to include the 
boundary masses is that they open more options for 
generating the correct electroweak breaking vacuum 

imni. 

The spectral function takes the form 



-sin2(w/2/)[ |1 - AO?* 1 2 
+ (1 - |A?A/,|2)(5M«(L)5_M«(i) - SMs{L)S^Ms{m 
+ sin^ {i / 2 J)\l- MM* \' (25) 

In general, the model with the IR mass mixing be- 
comes immune to analytic treatment and one should 
resort to numerical methods as in [lOj . This however 
goes beyond the scope of this presentation. 
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